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ABSTPACT 


A 1:24  Froude-scale  model  of  the  proposed  Lake  Chicot  Pumpinq 
Station  was  constructed  and  utilized  to  identify  and  to  correct  hydraulically 
objectionable  features  of  the  flows  in  the  pump  sumps.  The  model  tests 
showed  that  the  flows  from  the  plant  forebay  generally  enter  the  individual 
pump  bays  with  a strong  transverse  component  of  velocity  and  produced  an 
intense  captive  eddy  on  the  lee  side  of  each  pump-bay  partition  wall.  The 
transverse  velocity  resulted  from  geometric  constraints  imposed  on  the  plant 
configuration.  In  order  to  achieve  better  pump  approach-flow  conditions 
trash  racks  with  relatively  deep  vertical  bars  which  functioned  as  turning 
vanes  were  proposed.  A 1: 10-scale  sump  model  then  was  built  to  test  for 
model-scale  effects  in  the  trash-rack  tests,  and  an  extensive  study  was 
conducted  to  obtain  an  improved  sump  conf iguration  which  would  minimize  any 
vortex-related  problems  in  and  around  pump  suction  bells.  The  modified  sump 
configuration  has  small  clearance  between  the  pump  bell  and  sump  back-wall; 
converging  sidewalls;  and  a floor  mounted  splitter  plate  (vortex  breaker) 
beneath  the  £jump. 


! ACCESSION  lor 

I 

Nlt$ 

White  Section  %/ 

DDC 

Bull  Section  □ 

1 unannounced 

D 

JUSTiriCATION  -x— 

/>£/t  SPAM 

BY  

CISTRIBUIION/AVAIUBIIIU  CODES 

Or-t  ' •> 

M..  and/ or 

StlCIAl 

ft 

ii 


ACKNOWLEDGEMENTS 


This  model  investigation  was  conducted  for,  and  sponsored  by, 
Stanley  Consultants,  Inc. , of  Muscatine,  Iowa.  The  authors  wish  to  ex- 
press their  special  thanks  to  Mr.  L.  Lynn  Pruitt  of  Stanley  Consultants, 
Inc.,  for  his  unfailing  cooperating  throughout  the  course  of  the  study  and 
for  critically  reviewing  the  nanuscript.  Valuable  input  were  received  from 
members  of  the  U.S.  Army  Corps  of  Engineers,  Vicksburg  District  Office, 
Waterways  Experimental  Station,  Office  of  Chief,  and  Lower  Mississippi 
Valley  Division.  Their  suggestions  significantly  influenced  the  course 
of  the  study  and  improved  the  final  results.  The  authors  also  wish  to 
acknowledge  Mr.  Dale  Harris  and  his  shop  staff  for  modifying  the  model 
numerous  times;  Dr.  John  R.  Glover  for  his  assistance  with  the  instrumenta- 
tion; and  Mr.  Shih-Huang  Chieh  for  conducting  model  tests  as  a research 
assistant. 


TABLE  OF  CONTENTS 


Pagc. 

I.  INTRODUCTION  I 

II.  THE  MODEL  4 

A.  Model  Characteristics  4 

1.  Improvement  of  the  inflow  condition  for 

the  1: 10-scale  sump  4 

2.  Installation  of  transparent  components  4 

3.  Vortimeter  4 

4.  Installation  of  false  floor  and  pressure 

transducers  5 

B.  Experimental  Equipment  5 

III.  PRESENTATION  OF  EXPERIMENTAL  RESULTS  0 

A.  Inlet  Adjustment  6 

B.  Test  Results  Obtained  with  Original 

Sump  Configuration  7 

C.  Determination  of  Backwall  Position  8 

D.  Sidewall  Contraction  10 

E.  Splitter  Plates  11 

F.  Modified  Trash  Racks  13 

G.  Baffle  Blocks  15 

11.  Forebay  Flow  Patterns  with  Extended  Gravity- 

Bay  Piers  16 

IV.  CONCLUSIONS  AND  RECOMMENDATIONS  17 

LIST  OF  REFERENCES  18 


iv 


Page 


of  tab  use 

Table  1.  Test  condi Lions  and  summary  of  results  20 

LIST  OF  FIGURES 

Figure  1-1  Schematic  plan  view  of  the  Lake  Chicot  Pumpinq 

Plant  model  21 

Figure  1-2  Plan  view  of  1: 10-scale  sump  model  22 

Figure  1-3  Section  of  1: 10-scale  sump  model  23 

Figure  1-4  Section  of  siphon  system  for  1: 10-scale  sump  model  24 

Figure  2-1  Location  of  the  training  wail  in  the  forebay  25 

Figure  2-2  A general  view  of  the  modified  1: 10-scale  sump 

mode 1 26 

Figure  2-3  The  vortimeter  in  the  siphon  line  26 

Figure  2-4  Location  of  pressure  transducers  27 

Figure  2-5  A typical  calibration  curve  for  pressure 

transducers  28 

Figure  3-1  Velocity  profiles  obtained  in  both  3: 10-scale  and 

1: 24-scale  models  (no  trash  rack  present,  Q = 660  cfs, 
110%  operation)  29 

Figure  3-2  Velocity  profiles  obtained  in  Runs  El  and  E2  30 

Figure  3-3  Oscillograms  of  pressure  fluctuation  recorded  in  Pun 

El  (Horizontal:  5 sec/div,  Vertical:  0.5  v/div.  Base- 
line: 1st  from  the  bottom)  31 

Figure  3-4  Typical  floor  vortices  seen  under  the  suction  bell 

(Q  = 660  cfs,  El  = 110  ft,  rectangular  sump)  32 

P 

Figure  3-5  Close-up  photographs  of  the  floor  vortices  33 

Figure  3-6  'Typical  floor  vortices  observed  in  Runs  E2  and  E7  34 

Figure  3-7  Geometrical  configurations  of  various  fillets  35 

Figure  3-8  Velocity  profiles  obtained  in  Runs  E9  and  E10  36 

Figure  3-9  Dimensions  of  various  splitter  plates  37 

Figure  3-10  Oscillograms  of  pressure  fluctuation  recorded  in  Run 

Ell  (Horizontal:  5 sec/div.  Vertical:  0.5  V/div,  Base- 
line: 1st  from  the  bottom)  38 


v 


Figure  3-11  Velocity  profile:;  obtained  in  Fun  U1V  (with  12-in. 


deep  trash  rack,  El.  110  ft,  O = 660  cfs,  backwall 

P 

shift  = 18  in.,  fillets  = type  C,  splitter  plate  = 
type  C ) 

Figure  3-12  Velocity  profile::  obtained  in  Run  E15"  (with  9~in. 

deep  trash  rack,  El.  - 110  ft,  - 660  cfs,  backwall 

P 

shift  = 18.  in.,  fillets  = type  C,  splitter  plate  = 
type  A ' } 

Figure  3-13  velocity  profiles  obtained  in  Run  E15'"  (with  6-in. 

deep  trash  rack.  El.  = 110  ft,  O = 660  cfs,  backwall 

P 

shift  = 18  in.,  fillets  = type  C,  splitter  plate  = 
type  C' ) 

Figure  3-14  Velocity  profiles  obtained  in  Run  E16  (with  12-in. 

deep  trash  rack.  El.  = 108.5  ft,  O = 660  cfs,  backwall 

"P 

shift  = 18  in.,  fillets  = type  C,  splitter  plate  = 
type  A ' ) 

Figure  3-15  Velocity  profiles  obtained  in  Run  E16’  (with  9-in. 

deep  trash  rack,  El.  = 108.5  ft,  = 660  cfs,  backwall 
shift  = 18  In.,  fillets  = type  C,  splitter  plate  = 
type  A ' ) 

Figure.  3-16  Velocity  profiles  obtained  in  Run  E17  (with  1.2-in. 

deep  trash  rack,  El.  = 110  ft,  Q = 600  cfs,  backwall 

‘P 

shift  = 18  in. , fillets  = type  C,  splitter  plate  = 
type  A' ) 

Figure  3-17  Velocity  profiles  obtained  in  Run  E17'  (with  9- in. 

deep  trash  rack,  El.  = 110  ft,  O = 600  cfs,  backwall 
shift  = 18  in. , fillets  - type  C,  splitter  plate  = 
type  A ' ) 

Figure  3-18  Velocity  profiles  obtained  in  Run  E18  (with  12-in. 

deep  trash  rack,  El.  = 108.5  ft,  O = 600  cfs,  backwall 

P 

shift  = 18  in.,  fillets  = type  C,  splitter  plate  = 
type  A ' ) 

Figure  3-19  Velocity  profiles  obtained  in  Run  E18'  (with  9-in. 

deep  trash  rack,  El.  = 108.5  ft,  = 600  cfs,  backwall 
shift  = 18  in.,  fillets  = type  C,  splitter  plate  = 
type  A') 


39 


40 


41 


42 


43 


44 


45 


46 


47 


v i 


Figure  3-20  Velocity  profiles  obtained  in  Run  E20  with  baffle  blocks 
installed  in  the  sump  (with  1.5-in.  deep  trash  rack, 

El.  - 110  ft,  - 660  efs,  rectangular  sump) 

Figure  3-21  Mean  velocity  distributions  in  pump  sumps  (no 
gravity-bay  piers  extended) 

Figure  3-22  Mean  velocity  distributions  in  pump  sumps  (gravity- 
bay  piers  extended  by  384  ft) 

Figure  3-23  Mean  velocity  distributions  in  pump  sumps  (gravity- 
bay  piers  extended  by  164  ft) 

Figure  3-24  Mean  velocity  distributions  in  pump  sumps  (gravity- 
bay  piers  extended  by  96  ft) 


LIST  OF  APPENDICES 


APPENDIX  I 


Plan  at  Elevation  118.0 


APPENDIX  II  Section  through  600  cfs  pump  bay 
APPENDIX  III  Section  through  200  cfs  pump  bay 
APPENDIX  IV  Section  through  gravity  bay 


DETAILED  MODEL  ::TUUY  OF  FUMP-ABBROACI!  flown 


FOR  THE  LAKE  CHICOT  PUMPING  PLANT 

t 


1 . INTRODUCTION 


Tiie  hydraulic  characteristics  of  the  proposed  Lake  Chicot  Pumping 
Plant  have  been  investigated  experimentally  sino<  May,  1975,  at  the  Iowa 
Institute  of  Hydraulic  Research.  The  report  summarizing  results  of  the 
tests  on  the  general  hydraulic  performance  of  the  proposed  forebay  and  pump 
bays  was  submitted  to  Stanley  Consultants,  Inc.,  Muscatine,  Iowa,  in  Aucjust , 
1976  (Nukato  and  Kennedy  1976).  Therein,  potential  prototype  problems 
arising  from  the  formation  and  persistence  ol  intense  suction-bell  vortices, 
which  were  discovered  in  the  1: 10-scale  model  sump,  were  discussed  at  some 
length.  Concerns  about  the  flow-induced  vibration,  these  vortices  might 
cause,  and  about  their  effects  on  puni)  performance,  led  to  conduct  of  a 
follow-up  basic  study  irt  the  1: 10-scale  sump  model,  which  had  its  goal 
elucidation  of  the  processes  responsible  for  vortex  formation  in  pump  suction 
bells  and  development  of  practical  means  of  suppressing  or  at  least  atten- 
uating these  vortices.  Before  presenting  the  results  of  this  basic  study 
it  is  appropriate  first  to  present  as  background  material  a general  des- 
cription of  the  Lake  Chicot  Pumping  Plant  and  the  flove,  m it  which  produced 
the  suction-bell  vortices. 

The  Lake  Chicot  Pumping  Plant,  which  is  located  on  the  west-bank 
levee  of  the  Mississippi  River  in  Chicot  County,  Arkansas,  is  being  con- 
structed to  divert  flood  waters  approaching  Lake  Chicot  directly  into  the 
Mississippi  River,  in  order  to  reduce  turbidity  levels  in  Lake  Chicot.  The 

Dr 

general  layout  of  the  plant  is  shown  in  figure  1-1;  the  plant  includes  12 
pump  bays  and  3 gravity-flow  bays.  During  periods  of  high  Mississippi  River 
stages  the  diverted  flow  will  be  pumped,  while  during  low  river  stages  it 
will  pass  through  the  gravity-flow  sections.  Twelve  pumps,  consisting  of 
ten  identical  pumps  rated  at  600  cfs  each  and  two  identical  units  rated  at 
250  cfs  each,  will  pump  up  to  6,500  cfs  against  a pool-to-pool  head  of  up  to 
17.7  ft.  Each  pump  bay  is  23  ft  wide.  Three  gravity-flow  sections,  each 
26  ft  wide,  will  be  located  at  th<  center  of  the  structure.  The  layout  is 

* A detailed  plan  and  sections  are  presented  in  the  Appendices. 


1 


symmetrical  about  the  center  gravity-flow  bay,  with  th<-  2£>0-cfa  pumps 
adjacent  to  the  gravity-flow  section. 


The  study  utilizing  the  1: 24-scale  laboratory  model  of  the  complete 
plant,  shown  in  figure  1-1  (Nakato  and  Kennedy  1076) , demonstrated  that  during 
pump  operation  the  forebay  flows  approaching  the  closed  gravity-flow  bays 
are  diverted  laterally  and  enter  the  pump  bays  with  a strong  transverse 
component  of  velocity.  The  abrupt  redirection  of  the  flows  at  the  entrances 
to  the  pump  bays  led  to  separation  which  produced  a large  captive  eddy  and 
strong  lateral  nonuniformity  an  the  distribution  of  velocity  in  the  pump- 
approach  flow  in  each  pump  bay.  To  reduce  these  lateral  velocity  nonuni- 
formities to  an  acceptable  level,  modified  trash  racks  with  deep  vertical  < 

bars*  were  proposed.  These  served,  in  effect,  ds  turning  vanes  and  were 
found  to  be  surprisingly  effective  in  producing  uniformly  distributed  pump- 
approach  flows.  However,  some  concern  arose  about  possible  Reynolds-number 
scale  effects  in  the  1: 24-scale  model  screens . To  resolve  these  doubts, 
a single,  idealized,  1: 10-scale  model  sump  was  constructed  in  one  wall  of 
the  uniform  approach  channel  of  the  1; 24-scale  model.  An  identical  idealized 
sump,  but  with  a scale  of  1:24,  was  placed  in  the  other  wall  of  the  approach 
channel.  A plan  view  and  section  details  of  the  1 : 10-scale  sump  model  are  1 

shown  in  figures  1-2  through  1-4.  Pairs  of  tests  were  conducted  in  those 

two  idealized  sump  models,  in  order  to  determine  the  significance  of  scale  ’ 

effects.  None  were  found. 

However,  during  the  tests  with  the  1: 10-scale  sump  model,  strong 
vortices  were  discovered  extending  from  the  sump  floor  and/or  walls  into  the 
suction  bell  (Nakato  and  Kennedy  1076).  Recent  prototype  experience  has  dem- 
onstrated that  these  vort  b es  cun  produce  undesirable  and  even  damaging 
vibration  problems,  presumably  by  the  nonuni  form  hydrodynamic  loading  they 
produce  around  the  pump  impellers  (RDF  1967).  Because  of  the  large  size  of 
the  prototype  impeller:  and  the  severe  pump-approach  flow  conditions,  it  was 
judged  prudent  to  carry  out  further  studies,  which  would  be  more  basic  in  nature, 
on  the  characteristics  of  these  vortices  and  means  for  supressing  them.  This 
basic  study  is  reported  herein. 


* Trash-rack  bars  are  placed  on  art  inclined  plane  (see  figure  1-3). 


The  primary  oh  j < ; • t. i v-  of  the  investigation  was  to  develop  sump 
configurations  which  would  improve-  the  distribution  of  flows  to,  around, 
arid  into  pump  suction  b*  11s.  A second  objc  t.  ive  was  to  find  a means  of 
eliminating,  or  largely  suppressing,  concentrated  vortices  which  extend  from 
suction  bells  to  the  • ump  f i ‘or  ox  walls.  A final  objective  was  to  investi- 
gate further  the  effects  of  trash-rack  dej.  tii  on  the  pump-approach  flow 
distributions,  arid  in  particular  to  find  the  optimum  depth  for  the  bars  of 
the  proposed  modified  trash  racks. 

At  the  outset  it.  is  p<  rhaps  useful  to  review  certain  general 
considerations  related  to  vorticity  in  fluid  flown.  Vorticity  is  the  hydro- 
dynamic  term  referring  to  the  rotat  ion  of  a fluid  due  to  th<  gradients 
(i.e.,  spacial  derivatives)  of  velocity.  Ac  a fluid  element  moves,  the 
angular  momentum  corresponding  to  its  vorticity  is  preserved  unless  the 
fluid  is  acted  upon  by  a torque  which  opposes  the  fluid  motion.  Thus,  for 
example,  as  a swirling  fluid  passes  through  an  ax i. symmetric  contraction  in 
a circular  pipe,  the  swirling,  or  angular  velocity,  of  the  fluid  is  intensi- 
fied. The  situation  is  precisely  analogous  to  an  ice  skater  who  increases 
his  rate  of  spin  by  pulling  tils  extended  arms  inward.  It  can  be  demonstrated 
that  the  product  of  vorticity  in  any  direction  multiplied  by  the  cross 
sectional  area  perpendicular  to  the  component  of  vorticity  of  flow  along 
a stream  tube  or  a filament  i constant;  a discussion  of  this  and  of  Helmholtz1  ■ 
equations  for  vorticity  can  be  found  in  most  upper  level  hydrodynamics  c-xts. 

In  the  case  of  flows  passing  from  pump  bays  through  suction  bells  and  into 
pumps,  any  vorticity  (i.e,  rotation)  in  the  flow  in  the  pump  bay  can  be  ex- 
pected to  produce  progressively  higher  fluid  angular  velocities  as  the  flow 
converges.  How  it  is  well  known  that  the  pressure  decreases  toward  the  center 
of  a vortex.  If  a vortex  is  sufficiently  intense,  the  pressure  at  its  center 
will  drop  to  a point  that  dissolved  gas  will  be  brought  out  of  solution  in 
the  liquid  and  concentrated  at  the  vortex  core,  thereby  making  it  visible. 
Moreover,  the  low  density  of  the  qau  compared  to  the  liquid  will  cause  the 
gas  to  remain  concentrated  at  the  vortex  core.  It  is  in  this  way  that  the 
cores  of  sufficiently  intense  line  vortices  are  made  visible  by  the  gas 
brought  out  of  solution  and  held  there.  Note  that  the  absence  of  the  appear- 
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ance  of  free  gas  at  the  vortex  core  does  not  mean  that  no  vortex ing  is 
occurring;  it  merely  indicates  that  any  vortex  action  which  is  present  is 
not  sufficiently  strong  to  bring  visible  concentrations  of  gas  out  of 
solution  in  the  liquid. 


1J_.  THE  MODEL 

A.  Mood Character ; sties.  Tin  model  utilized  in  the  present 

study  was  ■ ssentially  the  same  as  that  described  by  Makato  arid  Kennedy  (1976) . 
Tin;  1 : 10-scale  model  was  modified  sorm  ,/ha  t , in  order  to  achieve  test  con- 
dition:. consistent  with  the  program  objectives.  The  principal  modifications 

were  as  follows: 

I 

, 1.  Improvement  of  the  inflow  condition  for  the  1: 10-scale  sump. 

In  tlie  idealized  1: 10-scale  model  the  primary  forebay  flow  was  perpendicular 
to  the  sump  axis.  Accordingly,  this  model  sump  experienced  a more  severe 
inflow  condition  than  the  prototype  sumps.  For  this  reason,  a training  wall 
was  installed  which  produced  a pump-approach- flow  velocity  distributions  in 
the  idealized  model  which  nearly  duplicated  the  worst  ones  observed  in  the 
tests  in  the;  l:24-scale  model  of  the  full  plant.  The  training-wall  config- 
uration utilized  was  arrived  at  by  repeated  testing;  it  i:.  show;,  in  figure  2-1. 
It  also  can  be  seen  in  the  photograph  in  figure  2-2,  which  presents  a general 
view  of  the  idealized  l:10-scale  model  sump. 

2.  Installation  of  transparent  components.  To  facilitate  flow 
visualization  in  the  model,  the  cone-shaped  suction  bell,  straight  portion  of 
the  model  siphon  line,  sump  ceiling,  and  one  pump-sump  wall  were  removed 

t and  replaced  by  lucite  components.  These  can  be  seen  in  the  photograph 

presented  in  figure  2-2. 

3.  Vortimeter.  The  four-vane  vor time ter  mounted  on  a shaft  sup- 
ported by  a low  friction,  stainless  steel  bearing  was  installed  in  the  straight 
portion  of  the  siphon-line  (I.D.  = 10  in.),  just  above  the  top  of  a cone- 
shaped  suction  bell.  The  vortimeter  was  used  to  obtain  a measure  of  the  net 
hydrodynamic  circulation  in  the  pump-approach  flow.  The  vortimeter  can  be 
seen  in  figure  2-3. 
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1 1 oned  vor I i met  <t  . 

5.  Prossur  < I Luef  ual  ions  on  Hie  sump  I loor  were  measured  with  the 

pressure  transducers  (Mndevco,  Model  |’MI  ILc,  sensin')  an  a 1/2-in. 
111  diameter)  connected  to  an  amplifier  (Preston,  Model  A,  Type  B/N 
02000)  arid  a balancin')  * ircuit.  A calibration  of  the  transducer 
was  made  tti  in  t-U  aqainst  stat  i.c  pressures  in  tin  mod.  I sump.  A 
typical  cal  ibral  iori  curve  |<u  channel  1 1:  shown  in  fiqure  2-5..  The 

calibration  constant  lor  each  channel  was  as  lolbw- 


< 'll. mm 

1 : 

'0. 745 

1 1 

(in  o)/voj  1 

1 'h. uni' ' 1 

2 : 

0.775 

ft 

(H0) /Vol t 

Chanin  1 

3: 

0.080 

f L 

(HO) /Vo  1 1 

(.'liarim  1 

4: 

0.802 

ft 

(It  0)  /Volt 

C'hanne  1 

5: 

0.  758 

ft 

(HO) /Vol t 

<1.  Flow  vi sua I i zat ion  of  sump- flow  patterns  and/or  vortex  activity 


around  the  suet  ion  b>  I I was  aecompl i shed  fiy  means  of  float  inq 
confetti  or  with  lood  dye  injected  from  a dye  reservoir  throuqh 
a long  tube  tipped  witti  hypodermic  t uhinq. 
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PRESENTATION  OF  EXPERIMENTAL  RESULTS 


The  condition.';  unde  r which  model  to:: t : ; were  performed  and  the 
principal  results  are  summarized  in  table  ' . Note  that  prototype  values  of 
sump  elevations,  flow  rates,  trash-rack  dimensions,  and  sump  backwa 1 1 shift 
are  presented  therein.  A step-by-step  approach  was  utilized  in  the  model 
test  to  arrive  at  the  optimal  sump  conf iquration,  with  backwa 11  position, 
sidewall  convergence,  and  splitter-plate  geometry  being  optimized  in  turn 
Accordingly,  the  test  results  from  each  step  will  be  described  an  suite  in 
the  following. 


A.  Inlet  Adjustment.  It  was  desired  in  the  1: 10-scale  sump  test 
to  have  an  inlet-flow  condition  which  reproduced  one  of  the  mosi  severe  ones 
observed  in  the  test  on  the  1: 24-scale  model  of  the  complete  plant  layout. 
Accordingly,  a training-wall  configuration  was  arrived  at  by  trial  and  error. 


i-  ou  U'  . 


.Ay*. ...A  4-^,. 


A i idri  V-viil-  i nr 


imp  5 (a  600-cfs  unit  nearest 


the  gravity  flow  sections)  for  the  condition  of  all  twelve  pumps  operating 

at  a rated  discharge.  The  training-wall  configuration  arrived  at.  is  shown 

in  figure  2-i,  and  the  inlet  velocity  profiles  measured  in  the  1: 10-scale  and 

l:24-scale  sumps  are  shown  in  figure  3-1.  These  velocity  distributions 

were  measured  at  a cross  section  52  ft  downstream  from  the  pier  noses  with 

no  trash  racks  installed,  with  a forebay  elevation  of  110  ft  and  a pump 

discharge  of  660  cfs,  which  is  110%  of  rated  capacity.  Note  that  y ufid  V 

P P 

denote,  respectively,  the  prototype  distance  below  the  water  surface  and  the 
prototype  velocity.  The  conformity  between  the  velocity  distributions  measured 
in  the  two  different  sumps  is  wholly  satisfactory . In  order  to  obtain,  this 
well  simulated  approach- f low  condition  a prototype  discharge  of  390  cfs  was 
passed  down  the  forebay  approach  channel,  and  one- third  of  this  discharge 
(330cfs)  was  allowed  to  pass  the  idealized  sump  and  was  discharged  out  of 
the  model  through  the  gravity  flow  sections.  Ail  tests  results  for  the  1: 10- 
scale  model  reported  hereinafter  were  obtained  using  this  simulated  approach- 
flow  condition,  a pump  discharge  of  660  cfs,  and  a sump  elevation  of  iJO  ft, 
unless  otherwise  stated.  Note  also  that  all  velocities  reported  hereinafter 
were  measured  at  the  cross  section  52  ft  downstream  from  the  pier  noses. 


L 
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B.  s I- 1 .u 1 1 . Ol'tdinid  with  Original  Sump  Configuration.  Test 

results  obtained  from  the  sump  configuration  originally  proposed  by  Stanley 
Consultants  and  described  by  Nakato  and  Kennedy  (1976)  first  will  be  presented, 
in  order  to  provide  base-line  data  against  which  flow  distributions  obtained 
with  modified  sump  configurations  can  be  judged. 

The  velocity  distributions  measured  in  the  sump  for  Run  El  (no 

trash  rack  present)  and  Run  E2  (1.5-in.  deep  trash  rack  installed)  are 

depicted  for  comparison  in  figure  3-2.  This  trash  rack  had  1.5-in.  deep 

vertical  bars  on  6-in.  centers,  and  is  the  design  originally  proposed  by 

Stanley  Consultants;  it  will  be  referred  to  hereinafter  as  the  standard 

trash  rack.  Figure  3-2  demonstrates  that  the  pump-approach  flow  in  Run  El 

was  strongly  nonuniform,  and  was  not  significantly  improved  by  the  standard 

trash  rack,  which  had  vertical  bars  that  were  not  sufficiently  deep  to 

extract  a significant  portion  of  the  lateral  momentum  of  the  flow  entering 

the  pump  bay  from  the  forebay.  The  nonuniform  flow  distribution  was  a 

manifestation  of  the  r latively  intense  vorticity  m the  approach  flow  in 

the  pump  sump.  This  vorticity  persisted  and  was  concentrated  when  the  flow 

was  accelerated  into  the  suction  bell  and  passed  through  the  siphon  line.  The 

high  degree  of  nonuniformity  in  the  distribution  of  the  approach  flow  was 

reflected,  accordingly,  in  the  large  values  of  vort irneter  frequency,  w , 

measured  in  Run  El  (w  = 11.9  rpin) . The  standard  trash  rack,  which  accom- 

P 

plished  little  in  improving  the  uniformity  of  the  flow  distribution,  also 
produced  an  almost  insignificant  reduction  in  the  vortimeter  frequency 
(Run  E2 ) . 

Pressure  fluctuations  on  the  sump  floor  were  measured  by  means  of 
the  pressure  transducers  described  in  Chaper  XI.  The  analog  output  from 
the  transducer  amplifier  was  displayed  and  photographed  on  an  oscilloscope 
screen.  The  maximum  pressure  fluctuations  (peak-to  - peak  amplitude)  then  were 
determined  directly  from  the  photographs.  The  pressure-record  data  included 
in  table  1 were  obtained  from  oscilloscope  displays  which  covered  a model  time 
period  of  50  sec.  Figure  3-3  presents  oscilloscope  photographs  of  pressure 
fluctuation  records  obtained  in  Run  El  at  the  five  floor  positions  shown  in 
figure  2-4.  It  is  seen  in  figure  3-3  that  the  floor  experienced  major  pres- 
sure f luctuations,  especially  at  the  positions  measured  by  channels  3 and  5; 


H 


at  these  locations  the  maximum  fluctuations,  H , were  15.7  ft  arid  4 6 ft 

P 

(prototype  dimension)  of  watei , respectively.  Note,  however,  that  the  floor 

pressure  never  became  negative  (relative  to  atmospheric  pressure).  The 

sudden  pressure  drops  depicted  in  figure  3-J  were  produced  by  the  passage 

of  intense,  concentrated,  gas-filled  vortices  across  or  near  the  transducers. 

The  motion  of  the  vortices  was  observed  to  be  quite  random  in  nature.  Figure 

3-4  presents  photographs  of  typical  floor  vortices  which  extended  from  the 

suction  bell  to  the  sump  floor.  The  vortices  were  made  visible  by  the  air 

or  other  gas  brought  out  of  solution  and  concentrated  at  the  vortex  core  by 

the  low  pressures  occurring  there.  These  photographs  were  made  prior  to 

installation  of  the  previously  described  false  floor,  with  test  conditions 

equivalent  to  those  of  Run  El.  Figure  3-5  presents  close-up  photographs  of 

vortices  which  were  produced  under  this  flow  condition,  and  illustrates  the 

concentric  motion  of  the  fluid  surrounding  the  voi t ex  core.  Table  1 

identifies  the  tests  in  which  visible  suction-bell  vortices  formed.  Jt  is 

also  seen  in  table  1 that  the  pressure  fluctuations  tor  the  run  witn  standard 

trash  rack  (Run  E2)  were  comparable  to  those  measured  in  Run  El.  However, 

the  maximum  pressure  fluctuations  were  reduced  significantly  when  the  12-in. 

deep  trash  rack,  with  vertical  bars  on  6-in.  centers,  was  installed  (Run  E3) ; 

in  this  case  H measured  by  channel  3 was  reduced  to  9.5  ft.  Moreover,  the 
P 

vortimeter  frequency,  w , was  reduced  by  approximately  40%  below  that  of  Run  El. 

The  reductions  in  H and  u)  both  result  from  the  improved  uniformity  of  tin-  pump- 
P P 

approach  flow,  and  the  corresponding  reduction  in  the  rate  of  vorticity 
transport  to  the  suction  bell. 

C.  Determination  of  Backwail  Position.  Installation  of  the  12- in. 
deep  trash  rack  produced  significant  improvement  in  the  distribution  of  pump- 
approach  flow  (Nakato  and  Kennedy  1976) , and  corresponding  attenuation  of  the 
pressure  fluctuations  and  reduction  of  the  suction-bell  vortices  and  circulation 
in  the  flow  withdrawn  through  the  pump-model  siphon  line.  It  was  judged 
impractical  to  obtain  further  improvement  in  the  pump-approach  flow  dis- 
tribution by  utilization  of  still  deeper  trash  racks.  Accordingly,  the  next 
step  in  the  optimization  testing  was  to  seek  a pump-sump  layout  which  pro- 
duced further  attenuation  of  the  vorticity  fiux  to  the  suction  bell.  The 
first  step  was  to  reduce  t)i e clearance  between  the  downstream  edge  of  the 
suction  bell  and  the  sump  backwail,  to  reduce  the  size  of  the  zone  of  inten- 


sely  eddying  fluid  motion  which  formed  there.  In  the  originally  proposed 
sump  design  the  backwall  was  positioned  3 ft  from  the  rear  edge  of  the  suction 
bell.  It  was  observed  in  the  course  of  the  flow  visualization  tests  that  the 
fluid  in  the  space  between  the  backwall  and  the  nearest  lip  of  the  suction 
bell  was  subjected  to  intense  swirling,  which  served  ,is  a constant  source  of 
vorticity  to  the  flow  entering  the  suction  bell. 

In  these  Lists  a movable  backwall  was  positioned  at  successively 
smaller  distances  from  the  suction  bell  until  an  optimum  location,  judged 
from  flu-  formation  of  visible  suction-bell  vortices  and  measured  vortimeter 
frequencies,  would  be  achieved.  Hun  K4  was  conducted  with  the  backwall  shifted 
forward  by  f>  in.  (prototype  dimension);  the  vortimeter  frequency  was  found 
to  be  slight ly  higher  than  that  of  Hun  E2 , and  the  maximum  pressure  fluctu- 
ation measured  by  channel  3 also  was  increased  above  that  of  Run  122.  When 
the  backwall  was  shifted  forward  an  additional  6-in.,  for  Run  125,  the  peak 
pressure  fluctuation  and  th<  vortimeter  frequency  were  roughly  the  same  as 
those  of  Run  122,  and  no  significant  improvement  in  the  pump-approach  flow  or 
vortex  formation  was  observed  during  the  flow-visualization  test.  However, 
when  the  backwall  was  shifted  an  additional  6-in.,  to  give  a total  forward 
shift  of  18  in.  (Run  126) , the  vortimeter  frequency  was  reduced  to  approxi- 
mately 17‘*  below  that  of  Run  E2,  and  the  maximum  pressure  fluctuation  ilso 
was  decreased.  Use  of  the  12-in.  deep  trash  rack  with  the  18-in.  forward 
shift  of  the  backwall  produced  further  improvement  in  the  flow  condition 
(compare  Runs  EG'  and  E2). 

It  then  was  expected  that  further  reduction  in  the  clearance  behind 

the  suction  bell  might  produce  additional  improvement.  Accordingly,  Run  E7 

was  conducted  with  a backwall  shift  of  24  in.  and  the  standard  trash  rack. 

It  is  seen  in  table  I that  ui  was  reduced  to  less  than  half  or  the  value 

P 

obtained  in  Run  E2,  while  II  for  channel  3 was  reduced  to  less  than  1/3  of 

P 

its  value  of  Run  122.  It  was  observed,  however , that  with  this  backwall  con- 
figuration, the  point  of  attachment  of  the  suction-bell  vortices  moved  down- 
stream, away  from  the  floor  pressure  transducers  and  toward  the  backwall,  and 
actually  was  some  distance  removed  from  the  transducer  of  channel  3.  Accord- 
ingly, it  was  judged  that  much  of  the  reduction  in  the  measured  11^  was  a con- 
sequence of  the  increased  distance  between  the  point  of  vortex  attachment  and 


the  pressure  transducers.  Indeed,  visual  observation  of  the  floor  vortex 
in  Hun  K7  indicated  that  jt  might  be  stronger  than  the  vortex  which  formed 
in  the  runs  with  larger  backwall  spacing.  This  points  up  one  of  the  diffi- 
culties encountered  in  making  boundary-pressure  measurements  with  fixed 
transducers;  the  point  of  measurement  cannot  easily  be  shifted  to  the 
immediate  vicinity  of  vortex  attachment . It  also  highlights  the  importance 
of  having  boundary-pressure  measurements  accompanied  by  flow  visualization 
tests.  Figure  3-0  presents  photographs  of  the  suction-bell  vortices  which 
formed  during  Runs  E2  and  b7 . The  rearward  shift  of  the  vortex  in  Run  1.7 
is  clearly  evident.  It  is  also  seen  that  the  Run  E7  vortex  has  a significantly 
larger  core  diameter.  Note  again  the  intense  swirling  fluid  motion  around 
the  gas-filled  core  of  the  vortex  in  Run  F2,  A comparison  of  the  pressure 
records  obtained  from  channel  3 in  Runs  E4,E6,  and  E7  showed  that  both  the 
amplitude  and  the  frequency  of  tile  pressure  fluctuations  were  considerably 
reduced  in  Run  E6.  The  pressure  records  for  Run  E7  gave  the  impression  of 
small  fluctuations,  but  the  reduction  was  believed  to  be  du*.*  primarily  to 
the  shift  of  the  point  of  floor  attaclunent.  of  the  vortex  away  from  the  trans- 
ducer, as  discussed  above.  Elow  visualization  indicated  that  the  flow 
approaching  the  suction  bell  in  Run  E7  was  not  better  than  that  of  Ru  E6, 

despite  the  reduction  of  w in  Run  E7.  It  was  judged,  therefore,  that, 

P 

on  balance,  an  18-iri.  forward  shift  of  the  sump  backwall  was  optimal. 

D._  Sidewall  Contraction.  One  of  the  sources  of  vorticity  in 
the  flow  entering  the  suction  bells  is  the  boundary  layers  which  form  along 
the  sump  floor  and  sidewalls.  The  boundary  layer  development  n,  suppressed  by 
a favorable  pressure  gradient,  which  can  be  produced  by  converging  sidewalls. 

In  an  attempt  further  to  reduce  the  vorticity  flux  into  the  suction  bells,  and 
thereby  reduce  the  intensity  of  the  suction-bell  vortices,  test.;;  were  m.,de 
with  converging  sump  sidewalls.  All  of  these  tests  were  conducted  with  an 
18-in.  forward  shift  of  the  backwall. 

Four  different  sidewall  convergences  were  tested;  their  configurations 
and  prototype  dimensions  are  summarized  in  figures  3-7.  Fillets  of  type  A 
(identified  in  figure  3-7)  were  tested  in  Run  E8,  and  resulted  in  a significant 
reduction  in  vortimeter  frequency  below  that  measured  in  Run  E6.  The  maximum 
pressure  fluctuations  recorded  through  channel  3 also  were  very  low.  However, 
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the  region  of  floor  attachment  of  the  suction-bell  vortex  was  observed  to  be 
shifted  toward  t lie  backwall,  and  to  be  some  distance  away  from  the  pressure 
transducers.  It  is  believed  that  much  of  the  reduction  in  the  pressure 
fluctuation  resulted  from  this  shift. 

Run  E9  was  conducted  with  type  n fillets,  which  produced  a less 
severe  contraction  than  those  of  type  A.  A comparison  of  the  results  from 
Runs  EH,  E'J,  and  E9‘  indicate  that  the  typ<  fi  fillet;  did  achieve  further 
reduction  of  the  intensity  of  flow  swirling  in  the  flows  entering  the  suction 
bell.  fillets  of  type  C wore  tested  in  Run  E10.  Although  the  vortimeter 
frequency  was  slightly  increased  above  that  ol  Run  E9,  the  vortex  strength 
and  the  frequency  with  which  it  became  si v.  re  enough  to  bo  visible  were 
observed  to  be  reduced  signif icant ly . Further  upstream  extension  of  the 
fillets  would  have  reduced  the  rate  of  contraction,  and  therefore  would 
have  favored  boundary- layer  development.  It  was  concluded  that,  on  balance, 
fillets  of  type  C produced  the  Lost  pump-approach  flow.  The  two  small 
fillets,  identified  as  type  D in  figure  3-7,  will  be  discussed  in  the  following 
section.  Velocity  distributions  for  Runs  E'J  and  E10  are  presented  in  figure 
3-b.  A comparison  of  these  velocity  distributions  with  those  for  Run  E2,  pre- 
sented in  figure  3-2,  indicates  i hat  the  sidewall  contraction  of  the  pump- 
sump  is  not  effecting  a significant  improvement  in  the  flow  distribution. 

E.  Splitter  Plates.  Although  the  strength  of  the  net  circulation 
in  the  flow  into  the  suction  boil  and  pump;  siphon  line,  and  the  pressure 
fluctuations  at  the  locations  of  the  transducers  on  the  sum;,  floor  were 
significantly  reduced  by  the  forward  shift  of  the  sump  backwall  and  the  con- 
vergence of  the  sump  sidewalls,  visual  inspection  during  the  flow-visualization 
tests  indicated  that  the  suction-bell  vortices  still  were  undesirably  stronq. 

As  discussed  above,  these  vortices  result  from  the  net  rotation  (i.e.,  the 
net  vorticity)  in  the  approach  flow  being  concentrated  as  the  flow  passes  through 
the  suction  bell  and  enters  the  siphon  line.  After  the  practical  means  for 
suppressing  the  vorticity  in  the  approach  flow  had  been  exhausted,  the  next 
step  in  the  program  to  reduce  or  eliminate  the  suction-bell  vortices  involved 
measures  which  would  directly  oppose  the  swirl  by  applying  an  opposing  torque 
to  the  flow.  Toward  this  end,  vertical  flow-splitter  plates  aligned  with 
the  sump  were  attaclied  to  the  sump  , oor  beneath  the  suction  bell. 

The  initial  tests  in  this  phase  of  the  investigation  consisted  of 
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a series  of  runs  which  were  conducted  to  determine  the  optimum  length  and 
position  of  a single  splitter  plate.  The  results  of  these  tests  showed 
that  a plate  extending  upstream  from  the  sump  backwall  to  the  forward  (up- 
stream) lip  of  the  suction  bell  yields  the  best  pump-approach  flow.  There- 
fore, the  further  tests  in  this  phase  of  the  program  were  conducted  with 
plates  with  this  length  and  position,  and  three  different  heights.  The 
dimensions  and  configurations  of  the  splitter  plates  tested  are  shown  in  figure 
3-9.  Note  that  all  splitter-plate  tests  were  conducted  in  a converging  sump 
of  type  C with  the  optimized  backwall  location,  and  that  the  splitter-plate 
thickness  was  the  same  in  ail  tests. 

The  splitter  (late  of  type  A (see  figure  3-9),  which  was  tested 
in  Run  Kll,  was  found  to  improve  the  suction-bell  ini  low  pattern  significantly, 
reduce  the  vortimeter  frequency  to  a relatively  low  level.,  and  suppress  the 
pressure  fluctuation:  until  even  their  peaks  were  comparable  with  the  static 
pressure  changes  due  to  water-surface  fluctuations  in  the  [aim;  sump,  figure 
3-10  presents  photographs  ol  the  outputs  of  the  five  pressure  transducers;  a 
comparison  ol  these  photos  with  those  presented  in  figure  3-3  illustrates  the 
dramatic  reduction  i n t he  floor-pressure  fluctuations  which  was  achieved  by 
the  step-ny-st  ep  modifu  ition  of  the  pump  sump. 

Run  K12  we  conducted  with  corner  fillets  of  type  D (see  figure 
t-7)  in  iddit  ion  to  the  type  C fillets,  in  an  attempt  tmther  to  reduce  the 
voit  liin  tei  t r * queiicy  by  eliminating  the  corner  area:  which  were  occupied  by 
fluid  with  no  translational  motion  but  intense  swirling.  However,  the  small 
corner  fillets  produced  no  mensurable  or  observable  improvement  in  the  flow 
(compare  Huns  Kll  and  hi 2 in  table  1).  When  the  plate  height  was  reduced  by 
half  (type  B;  see  f igure  i-9)  for  Run  El  3,  the  vortimeter  frequency  was 
roughly  double  that  measured  in  Run  F.12. 

The  next  test.  Run  K14,  was  conducted  witn  the  type  O splitter 
plate;  this  lias  a height  of  3.79  ft.,  which  amounts  to  three-quarters  of  the 
clearance  between  the  suction  bell  and  sump  floor.  The  vortimeter  frequency 
was  found  to  be  only  i.3  rpm,  significantly  below  that  obtained  with  the 
lower  splitter  plates.  Some  very  weak  swirling  activity  was  observed  in  the 
vicinity  of  the  floor  on  each  side  of  the  splitter  plate;  this  was  eliminated 
by  the  wing  walls  which  intersected  the  main  splitter  plate  perpendicularly 
at  the  projection  of  the  suction- line  axis  (type  C'  splitter  plate).  In  Run 


KlS,  however,  a pair  of  strong,  gas-filled  vortices  with  horizontal  axes 
were  found  to  extend  per iodi ca 1 1 y from  the  sump  backwall  into  the  suction 
bell;  one  vortex  occured  on  each  side  of  the  main  splitter  plate.  These 
vortices  apparently  originated  from  the  vorticity  present  in  the  flow  along 
the  floor  to  and  up  the  main  splitter  plate.  After  the  discovery  of  these 
backwall  vortices,  the  type  A'  splitter  plate  again  was  installed  in  the 
model  and  additional  detailed  flow  visualization  tests  were  made  by  injecting 
dye  successively  at  many  different  locations  in  the  flow  field.  No  back- 
wall  attached  vortices  were  discovered  with  the  type  A'  splitter  plate.  It 
then  was  concluded  that  the  type  A'  splitter  plate  which  produced  a flow  in 
which  no  persistent  di scernable  eddies  ever  were  observed  to  form,  gave  the  best 
overall  performance  in  suppressing  section-bell  vortices. 

F . Modi f ied  Trash  Racks.  Preceding  sections  have  described  three 
different  types  of  sump  modifications  which  suppressed  formation  of  suction- 
bell  vortices,  reduc'd  the  net  hydrodynamic  circulation  in  the  suction- 
line  flow,  and  minimized  sump-floor  pressure  fluctuations.  However,  none 
of  these  modifications  treats  the  principal  origin  of  the  vortex  and  pressure- 
fluctuation  problem:  the  strong  lateral  nonuniformity  of  the  pump-approach 
flow  in  the  sump,  which  results  from  the  large  component  of  lateral  velocity  in 
the  forebay  just  outside  the  pump  sumps.  As  was  discussed  in  some  detail 
in  Chapter  I,  the  plant  layout  is  such  that  when  the  gravity  bays  are  closed 
and  the  pumps  are  in  operation,  the  flow  approaching  the  plant  through  the 
forebay  is  diverted  laterally  and,  upon  being  redirected  into  tiie  pump  sumps, 
forms  a strong  captive  eddy  on  the  downstream  side  of  each  pier  nose  which 
gives  strong  velocity  gradients  across  the  sumps.  Both  the  velocity  grad- 
ients and  the  captive  eddies  serve  as  continuous  sources  of  vorticity  to 
the  pump- approach  flows  in  the  sumps. 

The  effectiveness  of  modified  trash  racks,  with  12- in.  deep, 

1-in.  thick  bars  on  6-in.  centers,  in  extracting  much  of  the  transverse  mom- 
entum from  the  flow  entering  each  pump  sump  was  demonstrated  in  the  earlier 
model  tests  reported  by  Nakato  and  Kennedy  (1976).  Additional  trash-rack 
tests  were  undertaken  in  the  investigation  reported  herein,  in  order  to  de- 
termine an  optimum  depth  for  the  modified  trash  racks.  In  most  of  the  tests 
reported  above,  to  determine  the  effects  of  backwall  spacing,  sidewall  conv- 
ergence, and  splitter  plates  on  the  formation  and  persistence  of  suction-bell 
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vortices,  the  standard  trash  racks,  with  1.5-in.  deep  bars  were  used.  The 
earlier  model  tests  by  Nakato  and  Kennedy  (197b)  demonstrated  that  the  stan- 
dard trash  racks  produced  pump-approach  Hows  in  the  sumps  whicn  had  an  un- 
acceptably high  degree  of  lateral  nonuniformity.  As  can  be  seen  in  figures 
3-2  and  3-8,  these  trash  racks  had  little  effect  on  the  velocity  distributions 
in  the  pump  sumps.  Figures  3-11,  3-12,  and  3-13  show  the  vertical  distribu- 
tions of  sump  velocity  measured  in  Runs  E15'  (with  a 12-m.  deep  trash  rack), 
E15"  (with  a 9-in.  deep  trash  rack),  and  E15'"  (with  a f-.-m.  deep  trash  rack), 
respectively.  Each  test  was  conducted  with  a water-surface  elevation  of  110 
ft  and  a pump  discharge  of  660  cfs.  In  all  three  of  these  trash  racks  the 
vertical  bars  were  spaced  on  6-in.  centers.  A comparison  of  these  figures 
indicates  that  a 9-in.  deep  trash-rack  is  most  effective  in  reducing  the 
lateral  nonuniformity  of  the  velocity  distribution  (see  figure  3-2  for 
comparison) . The  data  presented  in  table  1 for  Run  E15"  show  that  the  vor- 
timeter  frequency  was  practically  zero  when  this  trash  rack  was  installed  in 
a fully  modified  sump.  Sump  velocity  distributions  downstream  from  the  12-in. 
deep  and  9-in.  deep  trash  racks  also  wore  measured  for  a water-surface  elev- 
ation of  108.5  ft  (Runs  E16  and  E16*);  the  results  are  shown  in  figures 
3-14  and  3- J 5,  respectively.  In  these  figures,  9-in.  deep  trash  rack  is 
seen  to  yield  velocity  distributions  with  a higher  degree  of  lateral  conformity. 
Note  that  the  vertical  distributions  of  velocity  measured  behind  a trash  rack 
with  deeper  bars  are  more  nonuniform  (see  figures  3-11  through  3-15),  espec- 
ially in  comparison  to  the  profiles  measured  downstream  from  the  ).b-in.  d'  ep 
trash  rack,  shown  in  figures  3-2  arid  3-8.  The  strong-  r vortical  nonuni- 
formity downstream  from  the  deeper  trash-rack  bars  is  believeu  to  result 
from  preservation  of  the  vertical  gradient  of  velocity  present  in  the  approach 
flow  in  the  forebay.  If  no  trash  rack,  or  only  a shallow  one,  is  present, 
separation  occurs  as  the  flow  passes  around  each  pier  nose,  and  produces 
intense  eddying,  a high  level  of  turbulence,  rapid  vertical  exchange  of 
horizontal  momentum,  and  consequently  a nearly  uniform  vertical  distribution 
of  velocity.  If  a deeper  trash  rack  is  installed,  which  acts  as  an  effective 
turning-vane  array,  the  production  of  large  scale  eddies  and  the  accompanying 
intense  vertical  mixing  is  suppressed.  Outside-  the  pump  bays,  in  the  forebay, 
the  approach  flow  has  its  highest  velocity  at  or  near  the  free  surface  and 
a monotonic  negative  velocity  gradient  toward  the  bed.  If  no  large  scale 
mixing  produces  vertical  transport  of  horizontal  momentum,  this  velocity 
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gradient  can  be  expected  to  peisist  , although  attenuated  an  the  flow 
enters  the  pump  bays. 

Further  trash-rack  comparison  tests  were  conducted  with  a pump 
discharge  of  000  cfs  (I0o*>  of  rated  capacity)  at  a water-surface  elevation 
of  110  ft.  The  results  are  shown  in  figures  s-L6  (Run  E17)  and  3— ! 7 (Run 
E17')  wherein  the  superior  |iei  formance  with  a 9-in.  deep  1 rash  racks  again 
is  demonstrated.  Finally,  tests  were  made  at  a water-surface  elevation  of 
108.5  ft  and  a pump  discharge  of  GOO  cfs;  the  results  are  presented  in 
figures  3-18,  (Run  E18)  and  3-ld  (Run  E18‘)  which  lend  further  support  to  the 
conclusion  that  tin*  9-in.  deep  trash  racks  art  preferable . 

The  tests  conducted  with  the  optimum  sidewall  .onvergenct  (type  C) , 
a type  A'  splitter  plate,  and  the  9- in.  deep  trash  rack  produced  a vortimeter 
frequency  of  less  than  X rmp  (prototype)  for  discharges  of  600  cfs  and 
660  cfs,  and  for  the  water-surface  elevations  of  10 8.5  ft  and  110  ft  (refer 
to  the  data  for  Runs  E15",  EJ6',  E17',  and  E18'  in  table  1). 

G.  Baffle  Blocks.  The  effectiveness  of  baffle  blocks  in  re- 
ducing the  lateral  nonuniformity  of  the  sump  flows  was  tested  by  installing 
two  staggered  rows  of  1.00-ft  square  blocks  extending  vertically  above  the 
water  surface  on  the  sloping  section  of  the  sump  floor;  the  blocks  were 
arrayed  as  shown  iri  figure  3-20,  with  the  forward  faces  of  the  upstream 
baffle  blocks  located  21  it  downstream  from  the  pier  i jses.  Also  included 
in  figure  3-20  are  the  velocity  distributions  measured  in  Run  E20,  which  was 
made  witli  the  original  rectangular  sump  configuration  and  the  standard 
trash  rack.  A comparison  ol  figures  3-2  and  3-20  demonstrates  that  the 
baffle  blocks  did  produce  significant  improvement  in  the  lateral  uniformity 
of  the  sump  flow.  In  the  flow  vi suaiixation  testt»  however,  it  was  found 
that  small  vortices  initiated  in  the  wake  of  each  baffle  block  tended  to 
concentrate  into  larger,  persistent,  water-surface-attached  eddies  immediate] y 
upstream  from  the  vertical  wail  which  extends  upward  from  the  pump  ceiling 
(refer  to  figure  1-3).  These  surface-attached  eddies  were  made "readily 
apparent  by  the  depression  where  they  intersected  the  water  surface,  and 
often  were  sufficiently  strong  to  draw  confetti  sprinkled  on  the  water  surface 
into  the  suction  bell.  Vortices  extending  from  the  sump  floor  into  the  suction- 
bell  were  observed  in  Runs  E20  and  E20'  despite  the  improved  distribution  of 
the  pump-approach  flow  because  no  splitter  plate  was  installed.  Runs  El9 


and  El')'  were  condu>  ted  with  type  < converging  sidi  walls  and  type  C’ 
splitter  (data.  In  Int  h <jt  t In  te-  t s relatively  low  vor time ter  frequencies 

and  floor-print:;  urn  fluct  uaf  ion::  were  measured.  However,  small  swirling 
eddies,  result inq  from  concent  rat  ion  arid  organization  of  the  vortices  shed 
from  the  baffle  blocks,  which  were  similar  io  those  observed  in  Runs  E2U 
and  E20‘ , again  wen  noted.  Because  the  primary  reason  for  attempting  to 
minimize  vortex  activity  in  the  sump  flows  was  to  minimize  the  strength 
of  vortices  extending  into  the  suction  belLs  and  suction  lines,  utilization 
of  baffle  blocks  in  relatively  short  pump  sumps  does  not  appear  to  be  at- 
tract i ve . 

The  vertical  uniformity  of  velocity  distributions  shown  in 
figure  3-20  is  striking.  It  is  believed  to  be  a consequence  of  the  intense 
vertical  mixing  produced  by  the  turbulence  generated  by  the  baffle  blocks, 
which  completely  suppress  the  vertical  gradients  of  streamwise  velocity  in 
the  flow  reaching  the  bafflt  blocks  from  the  forebay. 

H.  Forebay  Flow  Patterns  With  Extended  Gravity-Bay  Piers.  In 
a further  attempt  to  improve  the  overall  forebay  flow  patterns,  a series  of 
tests  was  conducted  in  the  1: 24-scale  mode]  with  t h<  gravity-bay  piers 
extended  significantly  upstream  into  the  forebay.  A total  of  four  tests 
was  carried  out  under  one  operating  condi t ion:  .ill  pumps,  except  the  three 
nearest  to  the  left  bank  plant,  operating  .it  100%  of  tin  rated  capacity 
(total  discharge  of  4,700  cfs) , and  a forebay  water-surface  elevation  of 
110  ft. 

Velocity  distributions  first  were  measured  in  each  operating  pump 
bay  with  no  modification  to  the  gravity-bay  piers.  Note  that  no  trash  racks 
were  installed,  and  that  mean  velocities  were  measured  at  five  different 
positions  across  a section  located  52  ft  downstream  from  the  pump  pier  noses. 
One  velocity  was  measured  on  each  vertical,  at  a distance  below  the  water 
surface  of  0.4d,  where  d is  the  local  flow  depth.  The  velocity  measured  at 
this  elevation  yields  at  least  a rough  measure  of  the  vertically  averaged 
velocity  for  each  vertical.  Figure  3-21  shows  the  velocity  distributions 
measured  with  no  gravity-bay  pier  extension.  Nonuniform  distributions  of 
the  pump-bay  flows  due  to  the  presence  of  the  gravity-flow  sections  in  the 
center  of  the  pilant  are  evident.  Flow  separation  from  each  pump-bay  pier 
produced  a captive  eddy  in  the  wake  of  each  pier  and  produced  strong  lateral 


velocity  gradient  . Indeed,  at  some  locations  close  to  the  pier  noses 
the  pump-bay  f lows  wear-  away  I turn  the  pump. 

Wh'  1 1 the  two  out'  <ii  gravity-bay  piers  were  extended  upstream 
184  M,  t.hi  for  ebay  flow  wa  • found  to  separa  t < from  t hi  gravity-bay  pier 
nose-. , t her • -by  produt  i ng  long  captive  eddies  on  each  side  of  the  extended 
pier  ..  The  genet  1 forebay  flow  pattern  aid  tne  pump-bay  flow  distributions 
for  this  cam  are  shown  in  figure  1-2'/.  because  of  the  strong  circulations 
set  up  by  tin  extended  pier' , the  transverse  component  of  the  inflows  to 
pump  bays  8 and  9 was  revert'd  relative  to  that  occur ing  without  the  pier 
extension  (see  figure  3-21 j . Kigur»  3-23  summarizes  the  test  results  ob- 
tained with  a gravity-bay  p or  extension  of  184  ft  . The  pump-nay  flows  are 
somewhat  more  uniform  than  those  presented  in  figure  3-22  < 384  ft  pier 
extensions).  The  forebay  flow,  however,  still  separated  from  the  gravity 
pier  noses  and  set  uj  a large  scale  circulation  in  the  forebay  segment  in 
front  of  each  of  the  two  groups  cl  pumps.  finally,  the  pier  extension  was 
further  reduced  to  90  ft,  and  the  results  summarized  in  figure  3-24  were 
obtained.  A supplementary  test  in  which  the  9-in.  deep  trash  rack  was 
installed  to  verify  its  effectiveness  in  improving  the  pump -approach  flows 
in  the  sumps,  was  conducted;  the  resulting  velocity  distribution  in  pump 
bay  8 is  included  in  figure  3-2.4. 

Extending  the  outside  piers  of  the  gravity-flow  bays  into  the 
pump  forebay  does  achieve  some  improvement  in  the  lateral  distribution  of 
the  depth-averaged  velocity  in  each  pump  bay.  However,  tin  large  scale  eddies 
produced  in  the  forebay  at  t hr  extensions  themselves  produced  transverse 
velocity  components  at  the  entrances  to  the  pump  bays  which  tended  to  have 
precisely  the  effect  the  extensions  were  intended  to  overcome. 

IV.  CONCIlIJSIONd  AND  RECOMMENDAT 1 QNS 

The  principal  conclusions  derived  from  this  model  investigation 
jnay  be  summarized  as  follows: 

Reduction  of  the  clear  distance  between  the  downstream  lip  of  the 
suction  bell  and  the  backwall  of  t fie  pump  sump  to  18-in.  appears  to  be 
optimal  in  improving  the  configuration  of  the  flow  to,  around,  and  into  the 
suction  bell.  Convergence  of  the  sump  sidewalls  was  found  to  be  quite 


effective  in  reducing  the-  intensity  of  the-  floor -attached  vortex  extending 
into  the  auction  bell  .mo,  accordingly,  in  redu-  ing  the  strength  of  the 
hydrodynamic  circulation  in  the  pump  inflow.  Tht  -> idewu 1 1 constract ion 
labeled  type  C and  illustrated  in  figure  3-7  was  found  to  be  the  best  among 
those  tested.  Floor  mounted  splitter  plates  aligned  with  tin.-  sump  axis  and 
extending  to  the  sump  bacbwal 1 are  very  effect jv«  in  suppressing  suction- 
bell  vortices,  suction-lin<  circulation,  and  sump -floor  pressure  flue tu- 
ations.  The  splitter-plate-  configuration  designated  type  a'  and  depicted  in 
figure  3-9  was  found  to  be  most  effective  aiming  the  several  tested  in  thin 
program . Trash  racks  with  1-in.  dee],  bars  spaced  on  6-in.  centers  produced 
pumj.-bay  flows  that  w re  more  uniformly  distributed  than  those  produced 
by  the  6-in.  and  12-in.  dee],  trash  racks  tested.  Baffle  blocks  installed 
if.  the  pump  bay  improved  the  uniformity  of  the  velocity  distribution,  but 
produced  strong  surface  eddies  wnich  can  become  concentrated  and  serve  as 
sources  of  additional  vorticity  in  the  flow  entering  pump.  Extension  of  the 
outer  piers  of  the  gravity-flow  bays  into  the  forebay,  i ii  order  to  improve 
the  alignment  of  the  flow  approaching  the  pump  hays  through  the  forebay, 
proved  not  to  be  effective.  The  forebay  extensions  themselves  produced 
flow  separation  and  large  scale-  eddies  which  imparted  lateral  components 
of  velocity  to  the  flow:;  entering  the  pump  bays.  The  principal  recommen- 
dations based  on  this  investigation  are  as  follows; 

1.  The  backwalls  of  the  pump  sumps  should  be  shifted  upstream 
18-in.  from  the  location  proposed  in  the  original  design. 

2.  The  pump-sump  sidewalls  should  converge,  following  the  scheme 
identified  as  type  C herein  and  illustrated  in  fiqure  3-7. 

3.  Splitter  plates,  type  A'  (see  figure  3-9)  should  be  installed 
in  each  pump  bay. 

4.  Trash  racks  made  up  of  9-in.  deep  bars  located  on  6-in. 
centers  should  be  installed. 

5.  The  pump-sump  ceilings,  above  the  pump  intakes,  should  be 
sloped  upward  in  the  upstream  direction,  to  provide  for  escape 
of  any  air  that  becomes  trapped  in  the  pump  sumps. 
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